The transport dynamics of a quenched Luttinger liquid tunnel-coupled to a fermionic reservoir is investigated. In the transient dynamics, we show that for a sudden quench of the electron interaction universal power-law decay in time of the tunneling current occurs, ascribed to the presence of entangled compound excitations created by the quench. In sharp contrast to the usual non universal power-law behavior of a zero-temperature non-quenched Luttinger liquid, the steady state tunneling current is ohmic and can be explained in terms of an effective quench-activated heating of the system. Our study unveils an unconventional dynamics for a quenched Luttinger liquid that could be identified in quenched cold Fermi gases.
I. INTRODUCTION
Non-equilibrium dynamics of interacting quantum many-body systems 1,2 has recently gained a lot of interest thanks to the fast experimental progresses in the field of ultracold bosonic and fermionic atomic gases [3] [4] [5] , which have allowed to probe the real time evolution of several quantum many-body systems outof-equilibrium [6] [7] [8] [9] [10] . In fact, ultracold atomic gases offer key advantages of tuning, with high precision, system parameters, such as the strength of the interaction and dimensionality 4, [10] [11] [12] [13] , making it possible to create and probe local excitations with single-site and real-time resolution 14, 15 or perform transport experiments [16] [17] [18] [19] . Very interestingly, when parameters are sweeped in time, cold atoms systems allow to experimentally realize a so called quantum quench protocol 1, 2 and to study the ensuing quantum dynamics. A widely studied theoretical question has been about the conditions under which one-dimensional (1D) systems eventually thermalize if prepared in the ground state of an initial Hamiltonian H i and brought out of equilibrium by time evolving them with a final Hamiltonian H f of similar form but with changed parameters 7, [20] [21] [22] [23] [24] , as the interaction strength [25] [26] [27] [28] . Other studies, instead, have regarded quench protocols with the switching on/off of an external field 29, 30 or of the coupling between two identical systems [31] [32] [33] [34] . Concerning the time duration of an interaction quench, both the cases of an abruptly change of the system Hamiltonian (sudden quench) [25] [26] [27] 35 and of a slow variation of the latter [36] [37] [38] [39] , have been considered.
From the point of view of the dynamics following a quantum quench, 1D interacting Fermi systems are promising candidates to realize unusual nonequilibrium steady states. Already in equilibrium they show a peculiar behavior. Indeed, they fall into the Luttinger liquid (LL) universality class, which is characterized by powerlaw decay of correlation functions with interactiondependent exponents [40] [41] [42] [43] . In particular, transport properties show a peculiar power-law suppression with the applied bias of the differential conductance for tunneling through an opaque barrier [44] [45] [46] [47] [48] [49] . Furthermore, such a model possesses an infinite number of constants of motion and hence thermalization after a quantum quench is a non-trivial issue 1, [21] [22] [23] 28, 50 . In the wake of the newly performed transport experiments in ultracold atoms [16] [17] [18] [19] an increasing interest has grown in studying the interplay between the quench dynamics and the peculiar transport properties of a LL 32, 35, [51] [52] [53] [54] and recent studies have confirmed the non-universal power-law scaling towards an asymptotic steady state in transport properties.
In this work we are interested in the transient dynamics of a interaction-quenched LL tunnel-coupled to a fermionic reservoir. We find that for any sudden quench protocol of the interaction, with the exception of the one that leads to a noninteracting final state, the tunneling current exhibits a t −2 universal power-law scaling as a function of time after the quench towards its steady state value. The emergence of such universal behavior is unusual for a LL and can be ascribed to the presence of compound excitations created by the quench 28, 38, 55 . Our findings are different from previous results obtained in Refs. 35 and 54 , in which only a typical non-universal power-law time-scaling appears. Here, the presence of an external reservoir tunnel-coupled with the bulk of the system is essential for the observability of the universal behavior. In the long-time limit, the system settles to a steady state with an ohmic tunneling current (and thus with a non-vanishing zero-bias conductance), that could be associated to an effective-temperature effect induced by the quench. 
where θ(t) is the Heaviside step function and, in bosonized form [40] [41] [42] ,
Here and in what follows = 1, ν = i, f labels the pre-(t < 0) or post-quench (t > 0) state of the LL, v ν = v F /K ν is the plasmon velocity with v F the Fermi velocity and 0 < K ν ≤ 1 the LL interaction parameter (with K ν < 1 for repulsive interactions and K ν = 1 for a non-interacting channel), and q = 2πn/L is the momentum, with n an integer and L the length of the LL. Furthermore, β ν,q and β † ν,q are canonical bosonic operators and
is the ground-state energy mismatch of the post-quench state with respect to the state prior the quench, with
Here, α L is the shortest-length cutoff. We can interpret Ω ν as the energy injected into the system during the quench. In order to maintain the validity of the LL theory, which is a low energy description, the latter must be smaller than the Fermi energy of the system. See Fig. 1 . Bosonic operators before and after the quench are connected by the canonical transformation β f,q = 1 2
(5) Note that, since we consider a system in the thermodynamic limit, in Eq. (2) we are neglecting the zero mode of the LL. The LL is tunnel-coupled with a point contact to a non-interacting fermionic reservoir described by the Hamiltonian
with −e the electron charge, V the bias w.r.t. the LL and c k a fermionic operator for electrons in the reservoir with wavevector k. The flow of current through the LL is allowed by the coupling with a second reservoir, which works as a source/drain, placed far away from the point contact and with a tunneling barrier much less opaque. In this configuration the transport properties of the system are dominated by tunneling through the opaque barrier and the presence of the second reservoir is negligible 56 . The coupling between reservoir and LL is described via a local tunneling Hamiltonian
where t 0 > 0 is the time when tunneling is switched on, x 0 is the location of the LL where the point contact sits at and z R is the coordinate in the reservoir from where electrons tunnel. Here, M is the tunneling amplitude, r an index representing right (r = +) and left (r = −) branches in the LL, and
is the associated fermionic field [40] [41] [42] , with F r the Klein factor of the branch r, q F the Fermi wavevector and
(9) the LL bosonic field. Here, the coefficients
is the fermionic operator for the reservoir, with Ψ k (z) the electron wavefunctions and z a coordinate in the latter. With the system in thermal equilibrium at t ≤ 0 − , we evaluate the tunneling current in the zero-temperature limit and to the lowest perturbative order in the tunnel coupling, i.e. |M| 2 , obtaining (see Appendix A for details)
where I 0 = 4eD|M| 2 /(πα), with D the density of states of the reservoir. In Eq. (12) we have introduced the correlator f b (t 1 , t 2 ) = 2πα ψ I (x 0 , t 2 )ψ † I (x 0 , t 1 ) i , which is independent from the LL branches. Here, the subscript I stands for interaction picture with respect to H T (t) and ... i represents the average on the initial ground state. We obtain
with
where
, with τ 0 = α/v F the shortest-time cutoff of the theory, and
In the correlator of Eq. (13) we can distinguish three different contributions. The first one, C − (t 1 − t 2 ), is the usual term present in the equal-space Green function of a zero-temperature non-quenched LL, although with the exponent renormalized by the quench, and stems from the bosonic averages β f,q β † f,q i . The second term, C + (t 1 − t 2 ), comes from the averages β † f,q β f,q i , while the third one, U(t 1 , t 2 ), arises from the "anomalous averages" β f,q β f,−q i and β † f,q β † f,−q i . Both the latter two terms vanish without quench.
III. TRANSIENT DYNAMICS
The behavior of the tunneling current of Eq. (12) close to its steady state value I(∞) is given by the following asymptotic expansion (see Appendix A 2 for details)
where the limit t 0 → 0, justified for t t 0 , has been performed, I(∞) is reported in the subsequent Section (note that I(∞) depends on V , see Eq. (24)) and
Here, µ = ν − + ν + ≥ 1, see Fig. 1 , and thus the oscillating term is subdominant compared to the universal power-law. For K f = 1, i.e. quenching into a noninteracting system, one finds I 1 = 0 (since in this case η = 0, see Eq. (17)) and thus the tunneling current is predicted to show a non-universal decay. Our result differs from the ones found in Refs. 32 and 54 where a non-universal power-law was found. Although the universal power-law is a consequence of the peculiar intrinsic dynamics of a quenched LL -see Appendix A -the presence of an external probe is indeed essential for its observability 57 . The universal scaling found here is also in contrast with the more standard, non-universal scaling of the tunneling current found in the absence of quench ( scaling. As one can see, the agreement between the envelope of δI(t) and the latter is very good in both cases.
Since the universal time-scaling found in the transient regime arises from the term U(t 1 , t 2 ) in the correlator of Eq. (13), it can be understood by considering the propagation of entangled compound excitations 28, 38, 55 .
Indeed, as pointed out by Calabrese and Cardy 55 , the pre-quench initial state acts as a source of these peculiar excitations. At any given time t > 0, entangled pairs of excitations are created (β † f,q β † f,−q ) and annihilated (β f,q β f,−q ). These entangled compound excitations propagate freely-like in opposite direction in the system and lead to a universal contribution to the tunneling current, independent from the interaction parameters. Transport properties thus allows to probe the propagation of these entangled compound excitations in the LL.
IV. STEADY-STATE
In the long-time limit the asymptotic tunneling current can be conveniently rewritten as
with the tunneling density of states (TDoS)
where U (a, b, z) is the Tricomi confluent hypergeometric function. For V → 0 one obtains the expansion
Thus, since µ > 1, for small bias the asymptotic tunneling current is ohmic, i.e. linear in V . Note that, in the absence of quench I ∞ 1 = 0 and the usual non-universal power-law voltage-scaling is recovered. Figure 4 shows the behavior of I(∞) as a function of the applied bias voltage for a non-quenched LL and for a quenched LL. The former case is represented as a solid line and is characterized by a tunneling current vanishing with a nonuniversal power-law for V → 0. In sharp contrast, in the presence of an interaction quench (dashed line) the tunneling current vanishes linearly as V → 0, as expected from Eq. (24). This behavior, already noted for the TDoS in Refs. 51, 52 for quenches with K i = 1, is reminiscent of the case of a finite temperature LL 45 and can be explained in terms of an effective quench-activated "heating" of the LL. Indeed, it emerges from the fact that β † f,q β f,q i = 0, similarly to what occurs in a thermally excited LL. This effective heating of the LL also has consequences on the asymptotic differential conductance, in which the zero-bias suppression found for a non-quenched zero-temperature LL 40-42 disappears, as can be directly verified from Eq. (24) . A further evidence of the effective heating effect can be better understood by studying the LL asymptotic absorbed power as a function of the ap-plied bias, which for a quenched LL becomes negative at low bias, implying that energy flows from the LL to the zero-temperature reservoir 58 .
V. CONCLUSIONS
In this Letter we have demonstrated a universal behavior in the long-time dynamics following an interaction quench for a LL tunnel-coupled to a fermionic reservoir.
In contrast to what one would expect in the weak tunneling regime, where the dynamics following the quench should be dominated by the low-frequency modes of the LL and thus should be non-universal, we find universal contributions to the tunneling current. We explain this peculiar behavior in terms of free-like counterpropagating entangled pairs of excitations. We expect that the addition of higher order terms in the tunnel coupling would result in subleading contributions to the tunneling current and would not affect its universal behavior. One could probe the predicted behavior using a quantum point contact (QPC) imprinted by optical means at the center of a trapped cloud of fermionic lithium atoms 17 . The QPC is subject to a controlled bias via its connection to particle reservoirs with different particle numbers, yielding a quasi-steady state current and giving direct access to its transport coefficients. The interaction strength, instead, can be adjusted and varied by a magnetic field as done in recent experiments with cold atoms [17] [18] [19] .
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Appendix A: Evaluation of the tunneling current
In this Appendix we will outline the derivation of the expression for the tunneling current I(t) of Eq. (12) . To the lowest pertubative order in the tunnel coupling, i.e. in the sequential tunneling regime, the instantaneous tunneling current flowing from the reservoir to the LL is
where Γ + (t) is the tunnel-in rate and Γ − (t) the tunnelout rate. In order to obtain the rates Γ ± (t), we start evaluating the generic tunneling rate 56, 59 from the initial state |I = |N R,I |N LL,I to the final state |F = |N R,F |N LL,F , where N R,I (N R,F ) and N LL,I (N LL,F ) are the number of particles in the initial (final) state in the reservoir and in the LL respectively,
with Tr R,LL the trace over the reservoir (R) and LL bosonic excitations (LL). Here ρ I (t) is the density matrix of the total system in the interaction picture with respect to tunneling Hamiltonian of Eq. (7),
Our first task is to obtain an expression for the time evolution of ρ I (t) for t > 0 + (i.e. after the quench), provided the system is in thermal equilibrium immediately before the quench, i.e. it is described by the equilibrium density matrix
with ρ R (ρ LL ) the equilibrium density matrix for the reservoir (LL). In the zero-temperature limit ρ(0 − ) reduces to
where |Ω i is the ground state for the quasiparticles (i = R) or collective (i = LL) excitations of reservoir and LL respectively. In the interaction picture the time evolution of the density matrix is given by
where T and T denote time-ordering and anti-timeordering operators respectively. We expand the time evolution operators to lowest order in H T,I (t ) and plug the corresponding expression into Eq. (A3). This results in the following selection rules for N R,F and N LL,F : N R,F = N R,I ∓ 1 and N LL,F = N LL,I ± 1, which describe tunnel-in (with rate Γ + (t)) and tunnel-out (with rate Γ − (t)) events. For the sake of brevity, we outline the procedure for tunnel-in events and thus choose N LL,F = N LL,I + 1 and accordingly N R,F = N R,I − 1. By virtue of this one gets
which can be rewritten as
and
To proceed, the integrations in Eq. (A9) are shifted by t 0 and integration domain is split:
The tunnel-in tunneling rate is thus given by
The evaluation of correlation functions proceeds as follows. Using Eq. (11), the reservoir contribution is
where f (E) is the Fermi function and V the bias between the reservoir and the LL. Assuming a weak dependence of Ψ k (z R ) on z R and converting the sum over momenta to an integration on the energy, we finally obtain
where E F is the Fermi energy and D the density of states of the reservoir, respectively. Concerning the LL contribution, from Eq. (8), we find
where . . . i denotes the average on the thermal distribution of the bosonic eigenstates for t < 0 − . Upon expressing the fields φ r,I (x, t) of Eq. (9) in terms of the operators β i,q and β † i,q 25,26 , see Eq. (5), the correlator in the zero-temperature limit can be evaluated to
Note that the result is independent of r. The sums in Eq. (A20) can be evaluated analytically and, performing the limits α/L → 0 and v f t/L → 0, one gets
where K = (τ 0 K f ) −1 and we have introduced the notation (2πα)
having assumed E F |eV |. With an analogous procedure we obtain the tunnel-out rate, which is given by
1. Steady-state regime
The steady state regime is obtained in the limit t → ∞. For the tunnel-in rate we have
where we have introduced the tunneling density of states (TDoS) 
where I 0 = 4eD|M| 2 /(πα). Since ν − + ν + ≥ 1, the second term is always subleading and the steady state current is linear in the small bias. However, in the absence of quench, i.e. when K i = K f = K, ν + = 0 (see Eq. (A21c) ) and, since [Γ(x)] −1 ≈ x for x → 0, the usual power-law behavior of a non-quenched LL is recovered.
Transient regime
In order to study how the steady state regime is approached we start again from Eq. (A1), that after the integration over energies reads 
where for future convenience we have switched to the dimensionless variablest = t/τ 0 ,τ = t /τ 0 ,V = eV τ 0 and the limit t 0 → 0, justified for t t 0 , has been performed 60 . Herē 
